Abstract. We suggest a constrained instanton (CI) solution in the physical QCD vacuum which is described by large-scale vacuum field fluctuations. This solution decays exponentially at large distances. It is stable only if the interaction of the instanton with the background vacuum field is small and additional constraints are introduced. The CI solution is explicitly constructed in the ansatz form, and the two-point vacuum correlator of the gluon field strengths is calculated in the framework of the effective instanton vacuum model. At small distances the results are qualitatively similar to the single instanton case; in particular, the D 1 invariant structure is small, which is in agreement with the lattice calculations.
Introduction
The non-perturbative vacuum of QCD is densely populated by long-wave fluctuations of gluon and quark fields. The order parameters of this complicated state are characterized by the vacuum matrix elements of various singlet combinations of quark and gluon fields and condensates: :qq : , : F a µν F a µν : , :q(σ µν F a µν (λ a /2))q : , etc. The nonzero quark condensate :qq : is responsible for the spontaneous breakdown of chiral symmetry, and its value was estimated a long time ago within the current algebra approach. The non-zero gluon condensate : F a µν F a µν : through the trace anomaly provides the mass scale for the hadrons, and its value was estimated within the QCD sum rule (SR) approach. The importance of the QCD vacuum properties for hadron phenomenology has been established by Shifman, Vainshtein and Zakharov [1] . They used the operator product expansion to relate the behavior of the hadron current correlation functions at short distances to a small set of condensates. The values of low-dimensional condensates were obtained phenomenologically from the QCD SR analysis of various hadron channels.
Later the non-local vacuum condensates or vacuum correlators have been introduced [2, 3] . They describe the distribution of quarks and gluons in the non-perturbative vacuum. Physically, this means that vacuum quarks and gluons can flow through the vacuum with non-zero momentum. 
may be parameterized in the form that is consistent with the general requirements of the gauge and Lorentz symmetries as [5] :
whereÊ(x, y) = P exp i A µ (z)dz µ is the path-ordered Schwinger phase factor (the integration is performed along the straight line) required for gauge invariance and
The P exponential ensures the parallel transport of color from one point to other. In (2), :
: is a gluon condensate, and D(x 2 ) and D 1 (x 2 ) are invariant functions which characterize non-local properties of the condensate in different directions. The form factors are normalized at zero by the conditions D(0) = κ, D 1 (0) = 1 − κ, that depend on the dynamics considered. For example, for the self-dual fields κ = 1, while in the Abelian theory without monopoles the Bianchi identity yields κ = 0.
A.E. Dorokhov et al.: Gluon field strength correlation functions within a constrained instanton model
The gluon correlators D µνρσ (x) are involved in an analysis [4] of the spectrum of the bound states of the heavy QQ systems. The level shift depends on the parameter λτ , where τ = 4/m Q α 2 s is the typical time of the low lying levels of the system, and λ is the correlation length of the gluon correlator λ defined as D(x → ∞) ∼ : F 2 : ×exp(−|x|/λ). Thus, at large distances the physically motivated asymptotics of the correlator is exponentially decreasing. The gluon correlators are the base elements of the stochastic model of vacuum [5] and in the description of high-energy hadron scattering [6] .
Measuring the correlation length and vacuum field correlators was the motivation to investigate these quantities on the lattice. New high-statistical LQCD measurements of the gauge-invariant bilocal correlator of the gluon field strengths have become available down to a distance of 0.1 fm [7] . Recently, the field strength correlators have also been studied in the effective dual Abelian Higgs model in [8] and QCD sum rule approach [9] . In all these approaches (see also [10] ), the exponential decay of the correlators at large distances has been observed. However, these investigations still omit a small distance behavior of the non-local condensates.
On the other hand, in QCD there is an instanton [11], a well-known non-trivial non-local vacuum solution of the classical Euclidean Yang-Mills equations with finite action and size ρ. The importance of instantons for QCD is that it is believed that an interacting instanton ensemble provides a realistic microscopic picture of the QCD vacuum in the form of an instanton liquid [12,13] (see, e.g., the recent review in [14] ). It has been argued on phenomenological grounds that the distribution of instantons over their sizes is peaked at a typical value ρ c ≈ 1.7 GeV −1 and the liquid is dilute in the sense that the mean separation between the instantons is much larger than the average instanton size.
In our previous work [15], we have shown that the instanton model of the QCD vacuum provides a way to construct non-local vacuum condensates. Within the effective single instanton (SI) approximation we have obtained the expressions for the non-local gluon D µν,ρσ I (x) and quark M I (x) condensates and we derived the average virtualities of the quarks λ 2 q and gluons λ 2 g in the QCD vacuum. It has been found that due to the specific properties of the SI approximation (self-duality of the field) the D 1 gluon form factor is exactly zero. The behavior of the correlation functions demonstrates that in the SI approximation the model of non-local condensates can well reproduce the behavior of the quark and gluon correlators at short distances. Actually, the quark and gluon average virtualities, defined via the first derivatives of the non-local condensates M I (x 2 ), D I (x) at the origin,
are connected with the VEVs that parameterize the QCD SR, :
:
where :
The value of λ 2 q ≈ 0.5 GeV 2 estimated in the QCD SR analysis [16, 17] is reproduced at ρ c ≈ 2 GeV −1 . This number is close to the estimate from the phenomenology of the QCD vacuum in the instanton liquid model. The model provides parameterless predictions for the ratio λ 2 g /λ 2 q = 12/5. In [15] the effect of the inclusion of the Schwinger exponent into the semi-classical calculations has been analyzed. For some quantities this effect is very strong, being of an order of 100% for the gluon and quark average virtualities.
Nevertheless, the SI approximation used evidently fails in the description of physically motivated distributions at large distances. Asymptotically, we have found
c /x 4 for the quark and gluon correlators, respectively. Thus, the SI solution over the mathematical vacuum yields too slow asymptotics at large distances. We should conclude that in order to have a realistic model of vacuum correlators, the important effects of the instanton interaction with the long-wave vacuum configurations have to be included.
The key point in the picture of a realistic instanton vacuum is the interaction of pseudoparticles in the vacuum. In [19] , the interaction of a SI with an arbitrary weak external field has been examined and dipole-dipole forces in a far separated instanton-anti-instanton system have been derived. Later, in [20] , this background field has been interpreted as a field of large-scale QCD vacuum fluctuations, and the influence of the quark and gluon condensates on the instanton density has been considered. The main assumption of the instanton liquid models [12] is the dominance of the instanton component in the vacuum and in particular, that the gluon condensate is saturated by a weakly interacting instanton liquid. In deriving instanton ensemble properties the instanton-anti-instanton interaction at intermediate separation starts to play a crucial role in the stabilization of the liquid [13] . However, it turns out that the final result strongly depends on the field ansatz for an instanton-anti-instanton configuration [21, 14] . Further, in all instanton-anti-instanton ansätze suggested the influence of the physical vacuum on an instanton profile function has not been taken into account and the profile has only power decreasing asymptotics, which contradicts the expectations concerning the vacuum field correlators. Moreover, it is known that the instanton liquid is not responsible for large-scale effects like confinement [14] . Another point is that the instanton density n c in the instanton liquid models is normalized by the value of the gluon condensate : (α s /π)F 
